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Sequential multiple Eu ion implantations at low fluence 
(1×1013 cm-2 at 300 keV) and subsequent rapid thermal 
annealing (RTA) steps (30 s at 1000 ºC or 1100 ºC) were 
performed on high quality nominally undoped GaN films 
grown by metal organic chemical vapour deposition 
(MOCVD) and medium quality GaN:Mg grown by hy-
dride vapour phase epitaxy (HVPE). Compared to sam-
ples implanted in a single step, multiple implanta-
tion/annealing shows only marginal structural improve-
ment for the MOCVD samples, but a significant im-
provement of crystal quality and optical activation of Eu 
was achieved in the HVPE films. This improvement is at-
tributed to the lower crystalline quality of the starting 
material, which probably enhances the diffusion of de-
fects and acts to facilitate the annealing of implantation 
damage and the effective incorporation of the Eu ions in 
the crystal structure. Optical activation of Eu3+ ions in the 
HVPE samples was further improved by high tempera-
ture and high pressure annealing (HTHP) up to 1400 ºC. 
After HTHP annealing the main room temperature ca-
thodo- and photoluminescence line in Mg-doped samples 
lies at ~ 619 nm, characteristic of a known Mg-related 
Eu3+ centre, while after RTA treatment the dominant line 
lies at ~ 622 nm, typical for undoped GaN:Eu. 
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1 Introduction The controlled introduction of rare 
earth (RE) ions into GaN presents an alternative route for 
optoelectronic devices with emission throughout the visi-
ble spectral range [1]. In particular, RE doping by ion im-
plantation has been investigated in the past decade [2]. Ion 
implantation, used as a doping technique for nitrides, suf-
fers less from solubility limits than in situ doping tech-
niques and offers the possibility of controlled doping at 
precise depths below the surface and easy lateral pattering. 
However, it does cause considerable implantation damage 
[2-9]. Implantation of high fluences of heavy Eu ions leads 
to a reduced incorporation of Eu in substitutional Ga-sites 
and increases the density of non-radiative recombination 
centres [8,9]. In particular, it causes the formation of ther-
mally stable extended defects such as stacking faults [10, 
11]. It is therefore very important to minimize the damage 
caused during the implantation [7]. 
Although significant improvements of Eu3+ optical ac-
tivation were reported recently using high annealing tem-
peratures at high nitrogen pressure (HTHP), it was shown 
that, at temperatures even as high as 1450 ºC, full recovery 
of the crystal after implantation of high fluences could not 
be achieved [12-14]. On the other hand, we typically 
achieve complete recovery of the crystal structure by post-
implant annealing at moderate temperature (1000 ºC) for 
low fluence implantation (~ 1 × 1013 Eu/cm2) [15, 16].  
In this study, we investigate the possibility of keeping 
the ion implantation damage in GaN low by performing 
multiple low fluence ion implantations. After each implan-
tation step, annealing at moderate temperature is used to 
promote the structural recovery of the samples. 
254 S. M. C. Miranda et al.: Sequential multiple-step Eu ion implantation and annealing of GaN 
 
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.pss-c.com 
p
h
ys
ic
ap s sstatus solid
i c
2 Experimental details Commercial GaN wurtzite 
monocrystalline thin films, ~ 3 µm thick, grown on (0001) 
sapphire by metal organic chemical vapour deposition 
(MOCVD; Lumilog) were successively implanted with Eu 
to fluences of 1 × 1013 Eu/cm2 (up to 10 times) resulting in 
a total implanted fluence of up to 1 × 1014 Eu/cm2. Mg-
doped GaN thin films grown by hydride vapour phase epi-
taxy (HVPE; TDI) were implanted up to 6 times with the 
same 1 × 1013 Eu/cm2 fluence. The implantations were per-
formed at 300 keV, room temperature (RT) and with the 
sample surface normal to the incident beam (channelled 
implantation) [7]. The samples were annealed after each 
implantation step in an ANNEALSYS rapid thermal an-
nealing (RTA) furnace at 1000 ºC for 30 s under flowing 
nitrogen. For comparison, selected samples were annealed 
after the final implantation step only or not annealed at all. 
For Mg-doped samples a final RTA step at 1100 ºC was 
performed after the last implantation or implanta-
tion/annealing cycle. 
 In order to compare the damage caused by the im-
plantations and the recovery achieved by annealing, high 
resolution X-ray diffraction (XRD) experiments were car-
ried out using monochromated Cu-Kα1 radiation in a 
Bruker D8 Discover system equipped with a Göbel mirror, 
a Ge(220) double reflection asymmetric monochromator 
and a scintillation detector. 
 Cathodoluminescence (CL) measurements were 
performed with a Cameca SX100 electron probe microana-
lyzer (EPMA) modified to perform RT CL, using a 10 keV 
electron beam. 
 Additionally, 6 times implanted GaN:Mg samples, 
with a total implanted fluence of 6 × 1013 Eu/cm2, were an-
nealed at 1100, 1200, 1300 and 1400 ºC for 30 min in N 
overpressure of 1 GPa (HTHP annealing). RT photolumi-
nescence (PL) measurements were performed on these 
samples using the 325 nm line of a HeCd laser. 
 
3 Results and discussion Ion implantation in GaN 
epitaxial films introduces defects into the lattice which typ-
ically lead to high strain levels and to an expansion of the 
lattice parameter perpendicular to the surface [7, 17-19]. 
XRD is a sensitive technique to measure this strain and 
thus assess the damage induced during ion implantation 
and the subsequent recovery by annealing. 
We measured XRD 2θ−ω (0002) curves for the as-
grown, as-implanted and annealed GaN samples, as shown 
in Fig. 1, for the MOCVD samples. The results clearly 
show a pronounced secondary peak at lower angles than 
the main diffraction peak after implantation, revealing an 
expansion of the c-lattice parameter in the implanted re-
gion. The main diffraction peak arises from the undamaged 
film below the implanted region, while the shoulder is the 
result of strain induced into the implanted layer close to the 
surface. Figure 1a shows how the secondary peak in un-
annealed samples shifts to lower diffraction angles reveal-
ing first an increase of the strain with increasing fluence 
and then a saturation for the higher fluences in agreement 
with our previous work [17]. XRD curves after the first 
three cycles of implantation/annealing are shown in Fig. 1b. 
After annealing the secondary peak is almost completely 
removed for a single implantation step as well as for two 
implantation cycles. However, for samples with three and 
more implantation cycles, although the secondary peak 
shifts back towards higher angles, the expansion is not ful-
ly reversed. Figures 1c and 1d present a comparison of the 
spectra corresponding to the final fluences of  
5 × 1013 Eu/cm2 and 1 × 1014 Eu/cm2, respectively. It is 
clear that, for both fluences, only a marginal improvement 
is obtained by performing multiple annealing steps instead 
of just one RTA treatment. Figure 1d presents the curves of 
the sample implanted ten times, with (10×i -10×RTA) and 
without (10×i - 9×RTA) the final RTA step, and also the 
samples implanted just once, annealed (1×i - 1×RTA) or 
not (1×i -No RTA). The comparison between these sam-
ples reveals the higher strain states for the higher final im-
planted fluence, in particular after annealing. 
 
 
Figure 1 XRD 2θ−ω (0002) spectra of as-grown MOCVD GaN, 
Eu implanted and annealed samples. 
 
Figure 2 shows the XRD 2θ−ω (0002) curves for the 
Mg-doped HVPE GaN samples. Surprisingly, the width of 
the main diffraction peak of the unimplanted material re-
duces significantly after annealing at 1000 ºC (Fig. 2a). 
Broadening of the 2θ−ω (0002) curves is mainly caused by 
a heterogeneous strain along the c-axis. In the present case, 
this heterogeneous strain may be related with native de-
fects whose density can be reduced by annealing. This be-
haviour complicates the interpretation of the XRD data af-
ter implantation and annealing. Nevertheless, even for 6 
successive implantation/annealing cycles, no pronounced 
shoulder remains at the lower angle side of the main dif-
fraction peak indicating that the vast majority of the im-
plantation damage is removed (Fig. 2a). Some improve-
ment is seen for the sample with 6 annealing cycles com-
pared to the sample with only one final annealing step at 
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1000 ºC (Fig. 2b). Furthermore, Fig. 2c shows that anneal-
ing just once after 6 implantations, either at 1000 ºC or 
1100 ºC, yields the same strain state. In contrast, after run-
ning through 6 implantation/annealing cycles at 1000 ºC, 
one additional annealing step at 1100 ºC promotes further 
structural recovery of the sample. Finally, Fig. 2d com-
pares the XRD curves for the two GaN materials revealing 
narrower curves and therefore lower heterogeneous strain 
for the MOCVD material even when compared with the 
annealed HVPE sample. 
 
 
Figure 2 (a–c) XRD 2θ−ω (0002) spectra of as-grown, Eu im-
planted and annealed HVPE GaN:Mg samples. d) Comparison of 
the unimplanted samples.  
 
The above described results reveal better implantation 
damage recovery for the HVPE samples with the use of 
multiple implantation and annealing cycles; this indicates 
that, because of the lower crystalline quality of the as-
grown HVPE samples, this strategy is beneficial to pro-
mote structural recovery during the annealing. Such behav-
iour can be understood in terms of point defect mobility. 
An increased number of native point defects and broken 
bonds may enhance the mobility of defects during anneal-
ing and result in a better recovery of low implantation 
damage. Note that this does not mean that the final result is 
a better crystal since the overall crystal quality may still be 
worse (however this is difficult to assess and quantify). 
Optical activation of Eu3+ ions is achieved in all sam-
ples after annealing. Figure 3a shows RT CL spectra for 
the MOCVD samples after several implantation/annealing 
cycles. The integrated CL intensity of the 5D0 →7F2 transi-
tions of the Eu3+ ions around 622 nm is seen to increase 
linearly with the implantation fluence; however, with a 
proportionality factor below unity (when normalising in-
tensity and fluence to the sample implanted with 
1 × 1013 Eu/cm2 a linear fit reveals a slope of ~ 0.46). Per-
forming multiple implantation/annealing cycles, instead of 
only one annealing step after the final implantation, does 
not translate into significant improvement of the CL inten-
sity (Fig. 3b).  
The CL spectra after several implantation/annealing cy-
cles for the Eu implanted GaN:Mg HVPE samples and an-
nealing at 1000 ºC are shown in Fig. 4a. The integrated CL 
intensity is shown in Fig. 4b as a function of the final im-
plantation fluence revealing again a linear behaviour. In fact, 
in these samples, we see a direct correlation between the to-
tal implanted fluence and the CL emission intensity showing 
a slope close to unity (when normalising intensity and flu-
ence to the sample implanted with 1 × 1013 Eu/cm2 a linear 
fit reveals a slope of ~ 0.82). For the 6 × 1013 Eu/cm2 HVPE 
implanted sample we measure an integrated CL intensity of 
~ 47500 counts while for the MOCVD sample it reaches 
only ~ 34500 counts (see Fig. 3b) for the same implanted 
fluence. Since for a single implantation of 1 × 1013 Eu/cm2 
the intensities in the two materials are comparable, this im-
provement can be attributed to the reduction of defect con-
centration by sequential implantation/annealing, in good 
agreement with the structural results. In fact, for the HVPE 
samples a significant improvement is observed for sequen-
tial implantation/annealing cycles compared to the sample 
implanted to the highest fluence in just one step. We see that 
the multiple implantation and annealing strategy improves 
the CL emission intensity by effectively keeping the level of 
damage caused by the implantations low, while allowing a 
progressive build-up of the total implanted fluence. 
 
 
Figure 3 a) CL spectra of the MOCVD GaN, after different im-
plantation/annealing cycles. b) Integrated CL intensity around the 
622 nm peak after different implantation/annealing cycles as a 
function of the total implanted fluence. For comparison the inten-
sity of a sample implanted to the maximum fluence and annealed 
just once is also shown. 
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Figure 4b shows that an increase in the final annealing 
temperature to 1100 ºC actively contributes to further Eu 
activation in all samples in agreement with our previous 
reports [14]. To explore this improvement, the GaN:Mg 
samples, with a total implanted fluence of 6 × 1013 Eu/cm2, 
were further annealed at 1100, 1200, 1300 and 1400 ºC in 
N overpressure of 1 GPa. The corresponding PL spectra 
are presented in Fig. 5a. Although we had achieved almost 
complete recovery of these samples already by RTA at 
1100 ºC, we observe that annealing the samples at HTHP 
further promotes Eu activation. A linear trend of PL inten-
sity increase with temperature is demonstrated in Fig. 5b 
indicating that some of the residual defects are still being 
removed. The effective Eu activation requires high tem-
perature annealing [13, 14] and the fact that the residual 
damage remains low throughout the implantations should 
lead to an optimized incorporation of Eu in substitutional 
Ga sites. 
 
 
Figure 4 a) CL spectra of the HVPE GaN:Mg after different im-
plantation/annealing cycles for RTA at 1000 ºC. b) Integrated CL 
intensity around the 622 nm peak after different implanta-
tion/annealing cycles as a function of the total implanted fluence 
for samples annealed at 1000 ºC. The CL intensities for the same 
samples after a final RTA treatment at 1100 ºC are also presented. 
For comparison the intensity of a sample implanted to the maxi-
mum fluence and annealed just once at either temperature is 
shown. 
 
Another interesting effect of HTHP annealing is the 
formation of a new Mg-related Eu-centre, with the domi-
nant emission line at ~ 619 nm seen in both CL and PL 
spectra at RT. This centre has been recently reported in in 
situ Eu/Mg co-doped MOCVD GaN [20]  and an interest-
ing temperature-hysteretic behaviour of this centre, named 
Eu0, in implanted samples was discussed in terms of a 
charge-transfer involving the shallow-deep instability of 
the Mg acceptor [21]. Our results show that the high nitro-
gen pressure and/or the longer annealing time play an im-
portant role in the formation of this Eu0 centre since it oc-
curs, albeit very weakly, for HTHP annealing at 1100 ºC 
while for low pressure RTA at the same temperature the 
known Eu1 and Eu2 centres [12,22] with main emission 
lines at ~ 622 nm, are dominant. 
 
 
Figure 5 a) PL spectra of the Eu implanted GaN:Mg HTHP an-
nealed samples. b) Integrated PL intensity as a function of the an-
nealing temperature. 
 
4 Conclusions Sequential multiple low fluence Eu 
ion implantations, each followed by an RTA step at 
1000 ºC were performed on high quality MOCVD GaN 
and medium quality HVPE GaN:Mg samples. 
The analysis of the XRD measurements evidences that 
residual damage remains in the Eu-implanted MOCVD 
GaN samples for multiple implantation/annealing cycles 
and recovery of the crystalline structure is only marginally 
improved compared to samples annealed only once after 
the last implantation. The measured CL intensity increases 
with increasing implantation fluence, but in agreement 
with the structural results, no significant difference is seen 
between the multiple annealed and the single annealed 
sample. No relevant improvement is achieved by using this 
method compared to the traditional one-time anneal proce-
dure.  
In contrast, a significant impact is obtained for the 
HVPE GaN:Mg samples with sequential implanta-
tion/annealing cycles compared to only one implantation 
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and annealing procedure. We found that the damage can be 
significantly reduced in these samples, even in the multi-
ple-implanted samples with total implanted fluence of 
6 × 1013 Eu/cm2. For these samples, the initial crystal qual-
ity was not so good allowing for better recovery. This po-
tential for recovery was attributed to an increased defect 
mobility. We found the multiple implantation and anneal-
ing strategy to be effective in the GaN:Mg samples for 
keeping the damage level low and contributing to the en-
hancement of the CL emission intensity. HTHP annealing 
further increased the luminescent efficiency of these sam-
ples. For these annealing conditions a new Mg-related Eu-
centre, Eu0, becomes dominant with a main emission line 
at ~ 619 nm. 
We conclude that the multiple implantation and anneal-
ing procedure may have potential for applications that do 
not require the highest crystal quality. Besides the dis-
cussed optical doping with RE ions this may be the case 
for devices relying on cheaper large area production, e.g., 
for solar cell applications.   
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